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Abstract 
The presented study summarises results of two projects which were carried out in Slovakia in the past two 
years. The first part of the study deals with energy performance and thermal comfort in non-renovated and energy 
retrofitted dwellings. The second part of the presented paper is focusing on indoor air quality and its dependence on 
energy renovation. Energy evaluation and analysis of thermal environment were carried out in six pairs of residential 
buildings while indoor air quality was investigated in three pairs of dwellings. Each pair of dwellings contained from 
identical apartment buildings in term of construction systems. One of the buildings has been recently renovated, while 
the other one is in its original condition. Both experimental measurements and subjective evaluation using 
questionnaires have been used. Temperature, relative humidity and CO2 concentration were measured in the bedrooms 
of the apartments. This study gives a great view on current state of energy consumption and indoor environment of 
Slovak residential stock. 
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1. Introduction 
Buildings are responsible for a substantial portion of global energy consumption. Residential buildings constitute 
the largest part of the building stock, with 75% by floor space within the European Union [1]. They are responsible for 
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the majority of energy consumption in energy sector. In 2009, European households were responsible for 68% of the 
total final energy use in buildings. The dominant energy end-use in homes is space heating. It is shown year-to-year 
fluctuations in heating consumption largely depend on the climate of a particular year [2]. 
According to Jurelionis et al. [3] most of the European countries obtained a large housing stock since the 1950’s 
due to consequences of the war, economic changes and fast growing population. Majority of these residential 
buildings, especially in Central Europe were built from prefabricated concrete blocks. They consume more than one 
third of the final energy consumption. Due to poor maintenance, their renovation became one of the most important 
measures addressing energy conservation in these countries. 
Energy renovation is an important topic not only on field of energy conservation.  It may influence the quality of 
life as well. People spend more than 90% their time indoors, with a significant portion of this time spent at home [4]. 
This is the main reason why the potentially impact of these measures on indoor environmental quality should not be 
negligible, especially in countries where the trend is to put efforts into air infiltration losses by envelope insulation 
and tight plastic windows. It is unclear how such changes influence indoor environmental quality. Changes can be 
negative or positive, and some measures will not influence indoor environmental quality at all. [5].  
Thermal comfort is the fundamental quality of any building design and the residents´ habits influence the energy 
consumption [6]. It was also concluded that the residents´ expectations about thermal environment and comfort are 
governed by their socio-economic status and cultural expectations [7].  The impact of energy retrofitting on the indoor 
air quality is rarely considered, they often compromise indoor air quality due to decreased ventilation and infiltration 
rate. Poor indoor air quality in dwellings may have adverse effect on the health and comfort of the occupants [3]. 
Slovakia well represents the residential building stock of Central Europe. It has 341,000,000 m² of building floor 
area, out of which 88% (300,080,000 m²) are located in residential buildings [1].  Most of the dwellings were built 
from 1948 to 1990, with the highest intensity in housing construction reported over the period 1971 –1980. Majority 
of these multifamily residential buildings do not satisfy the current European requirements on energy efficiency. 
Nationwide remedial measures are taken to improve the energy efficiency of residential buildings and reduce their 
energy consumption [8]. 
The current study investigates the impact of energy renovation on thermal comfort and indoor air quality of 
apartment buildings during winter months. It also provides picture of the recent state of energy consumption and 
indoor environmental quality of the Slovak residential stock. 
2. Methodology 
2.1 Selection of buildings 
 
Six pairs of residential buildings were chosen for the energy and thermal comfort analysis. Each pair of dwellings 
contained from identical apartment buildings in term of construction systems. The following Slovak structural systems 
were chosen:  TA 06 BA, BA NKS, ZTB, BA NKS P.1.15, P.1.14, P.1.15. In each pair of buildings one dwelling has 
been recently renovated (thermally insulated façade, replacement of old windows for new energy efficiency windows, 
hydraulic balancing of the heating system, manual regulation of radiators, insulation of main branches of pipes of 
heating and water system), while the other one is in its original condition. The investigated residential buildings are 
located in capital of Slovakia [9]. 
The investigation of indoor air quality was carried out in three pairs of dwellings located on southwest part of 
Slovakia, 20 km from capital.  The selection of the dwellings was based on the same method as in the study of energy 
performance and thermal environment by Pustayová [9].  One of the buildings in each pair of dwellings has been 
renovated (thermally insulated façade, replacement of old windows for new energy efficiency windows, hydraulic 
balancing of the heating system) and the other was in its original state. Natural ventilation was used in all buildings. 
Exhaust ventilation was present in bathrooms and toilets [11]. 
 
 
 
2.2 Energy analysis 
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Energy audit was carried out to investigate the energy performance of residential buildings. It included inspection, 
evaluation and analysis of existing situation of the selected buildings. Energy need for heating was calculated for each 
investigated dwelling. Also the real data of energy consumptions were collected from housing associations 
maintaining selected residential buildings. The detailed steps of energy auditing are shown in publication by 
Dahlsveen et al [10]. 
 
2.3 Objective measurements (indoor air quality) 
 
Experimental measurements were performed during the heating season in 2013/2014. Temperature, relative 
humidity and the concentration of CO2 were measured in bedrooms of the apartments using a HOBO U12-012 data 
logger (Onset Computer Corp.,USA) and CARBOCAP CO2 monitors (GMW22, Vaisala, Finland). The data were 
recorded in 5 minutes intervals for one week in each building [11]. The locations of the instruments were selected with 
respect to the limitations of the carbon dioxide method [12]. The measurements were conducted in 94 apartments in 
total (45 apartments in original buildings, 49 in renovated ones). Data from night periods between 20:00 and 6:30 
were used for calculation of air change rates.  Occupancy and physical state of residents were also included into the 
process of calculation [15]. 
 
2.4 Questionnaire survey 
 
Questionnaire survey was used for subjective evaluation of indoor environmental quality. In case of evaluation of 
thermal comfort the questionnaires were filled by occupants in 2012 during the heating season. In original buildings 
244 feedbacks came back from occupants while in retrofitted dwellings 236 residents filled the questionnaires. The 
questionnaires contained questions about basic information on the occupants, building characteristics, occupants´ 
behavior and habits and thermal environment [9]. The occupants were asked to assess the acceptability of the thermal 
environment on the continuous acceptability scale with codes from -1 (clearly unacceptable) to -0.01 (just 
unacceptable) and from 0.01 (just acceptable) to 1 (clearly acceptable) [13]. The thermal sensation was evaluated by 
7-point ASHRAE scale [14]. 
Subjective evaluation of perceived air quality was conducted parallely with experimental measurements of CO2 
concentration, indoor air temperature and humidity. Questionnaires used for evaluation of thermal comfort were 
supplemented by additional questions regarding sick building syndrome symptoms and occupants’ perception of 
indoor air quality then which were used for evaluation of perceived air quality. The occupants of the renovated 
buildings were also asked questions about altered ventilation habits after renovation [11]. In total 45 questionnaires 
were filled by occupants in original building and 49 in renovated dwellings. 
 
3. Results and discussions 
3.1 Energy evaluation 
 
The energy need for heating was calculated for each pair of residential buildings by Pustayová [9]. As it is shown 
in Table 1 energy save potential was higher than 30% in case of all pairs of dwellings. The highest percentage of 
energy save potential between original and renovated building was found for dwellings built in structural system T06 
BA (52%). According to Slovak regulations each building was categorized into energy classes based on calculations 
mentioned above. As results show renovated buildings were classified into higher energy classes than original 
buildings. 
The real data of energy consumption show almost the same results than the results from calculation. Visible 
differences could be recognized only in case of structural systems ZTB and BA NKS-S P.1.15. The real energy 
consumption (15%) in case of ZTB residential buildings was lower by 36% than the calculated value (51%). Real 
energy savings (28%) of dwellings with structural system BA NKS-S P.1.15. were also lower by 12% than the 
calculated one (40%).  Noticeable difference between the investigated relation of calculated and real values might be 
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caused by standardized climatic conditions for Bratislava which were used in calculation method. The real conditions 
are usually different from the standardized ones. In this case of study the real outdoor temperature was changing day 
to day during the heating season.  
Table 1: Summary of real energy consumption, energy calculation and energy classification of residential buildings  
Structural 
system 
State of 
building 
Real energy 
consumption 
(kWh) 
Difference 
(%) 
Energy need 
for heating 
(kWh) 
Difference 
(%) 
Floor 
area 
(m2) 
Energy 
class for 
heating 
T06 BA 
Original 307433 
55 
352148 
52 3723 
D   
Renovated 138889 169846 B   
BA NKS 
Original 388956 
39 
368329 
34 3980 
D   
Renovated 238703 241607 C   
ZTB 
Original 722910 
15 
843437 
51 9094 
D   
Renovated 611930 409814 B   
BA NKS   
S P.1.15 
Original 476440 
28 
530000 
40 6110 
D   
Renovated 341469 319871 B   
P.1.14 
Original 367970 
43 
360571 
38 4680 
C   
Renovated 209278 224244 B   
P.1.15 
Original 239192 
51 
343533 
51 3421 
D   
Renovated 117890 181263 B   
 
3.2 Thermal environment 
 
The following results present the outcomes of the comfort survey based on occupants´ subjective evaluation. The 
survey was performed in the same dwellings where the energy consumption was investigated. Figure 1 shows 
summary of occupants´ answer regarding their thermal sensation (a) and acceptability (b) of thermal environment.  
The average thermal sensation evaluated by occupants of original buildings was 0.78, what indicates to almost 
slightly warm thermal environment. In case of the renovated dwellings occupants evaluated the thermal environment 
warmer than residents in the original ones. According to answers from questionnaires filled in the retrofitted buildings 
the average thermal sensation was 1.36 (between slightly warm and warm).  The occupants were also asked about 
what type of thermal sensation they would prefer according to 7-points ASHRAE scale. Answers of occupants were 
almost the same in both types of dwellings – in the original buildings they would prefer thermal sensation with average 
1.23 and in the retrofitted ones the ideal average thermal sensation would be 1.28. The answers of occupants present 
that it does not matter if the dwellings is in its original or renovated condition they would prefer similar conditions of 
thermal environment in both types of buildings. Acceptability of thermal environment was evaluated by scale of 
acceptability mentioned above, in methodology section. Residents of renovated buildings indicated to more acceptable 
thermal environments (0.56) than occupants of original buildings (0.3). 
a)             b) 
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Fig. 1. Thermal sensation (a) and acceptability of thermal environment (b) evaluated by occupants of original (blue bars) and retrofitted (orange 
bars) residential buildings. 
 
3.3 Indoor air quality 
 
The winter measurements showed higher average CO2 concentration in the renovated residential buildings 
(p>0.05). In 80% of apartments located in the energy retrofitted dwellings the average CO2 concentration was higher 
than 1000 ppm, while this was the case in 71% of apartments in the original buildings.  The results air change rate 
calculations show statistically significant differences between the original and retrofitted buildings (p<0.05).  
Summary of winter indoor climate conditions for original and renovated buildings are presented                         in 
Table 2. 
Table 2: Temperature, humidity, CO2 concentration and air change rates in the investigated buildings 
 
 
Mean indoor 
temperature (°C) 
Mean indoor 
humidity (%) 
Mean CO2 during 
nights (ppm) 
Average CO2 
>1000 ppm (%) 
Average AER (h-1) 
Original buildings 21.6 47 1425 71 0.79 
Renovated buildings 23 45 1682 80 0.48 
 
Figure 2a summarizes the occupants’ answers to the question ”How unpleasant do you think the indoor air quality 
is in your bedroom during night/in the morning?”. The possible answers were from 1 - perceived air quality was not 
a problem, to 6 - poor indoor air quality. While the residents in the non-renovated building did not indicate severe 
problems with perceived air quality, a greater fraction of the occupants were dissatisfied with it in the renovated 
building. 
Energy renovation of apartment buildings may directly lead to lower ventilation rates and higher concentrations 
of indoor pollutants [5]. This is especially the case when the occupants do not alter their ventilation habits after 
renovation of the building. In the present study only 22% of the occupants indicated that they ventilate more often 
than before renovation (Figure 2b). This may further indicate generally poorer air quality poorer indoor air quality 
related to renovation. 
 
a)                                                                                                                             b) 
                           
Fig. 2. Summary of subjective evaluation of indoor air quality by one occupant in each of the investigated residential buildings. One occupant in 
each apartment answered (a);  Ventilation habits of occupants in retrofitted buildings (b) 
4. Conclusion 
The conclusion is based on data processed from field studies of energy consumption, thermal comfort and indoor air 
quality.  Analysis by Pustayová [9] shows that energy performance of the investigated buildings has been improved 
after implemented of energy saving measures and the retrofitted buildings could be classified at least by two classes 
higher than non-renovated residential buildings. It is well known, that thermal comfort is one of the main components 
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what may affect energy consumption directly. It has been found that people prefer higher temperature indoors, 
especially in case of non-renovated buildings. Most of the occupants reported overall comfort level of thermal 
environment as acceptable. Analysis of dependence of indoor air quality on renovation shows negative influence on 
indoor air quality.  As the results of CO2 concentration and perceived air quality show renovation of apartment 
buildings in Slovakia may reduce the quality of indoor air in the apartments. The average concentration of CO2 is 
visible higher in renovated buildings and it does not fulfil the criteria of 1000 ppm. Energy renovation of buildings 
should be included renovation of ventilation system as well. Without installing mechanical ventilation the only way 
to control the air change rates and get better indoor air quality is ventilate more often after renovation while the 
building is in its original condition. Subjective evaluation of indoor air quality showed that only 22% of the occupants 
indicated that they ventilate more often than before renovation, what is still not enough to improve the indoor air 
quality to the level as it was before reconstruction.  This study provides deep understanding on complex functioning 
of the energy retrofitting that affects not only the energy performance but indoor environmental quality as well. 
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